ABSTRACT: To meet the huge demand for renewable energy, significant research effort focuses on creating efficient organic photovoltaic (OPV) devices. In comparison to siliconbased semiconductors, OPV materials have many superior properties such as cost effectiveness, being lightweight, and flexibility, which lead to a high potential for the replacement of silicon-based semiconductors. Recently, a large number of new alternating copolymer materials have demonstrated high power conversion efficiency (PCE). These successful polymers typically have low long-range order but a high hole mobility which directly affects the PCE which depends on polymer structure. In this study, a solution molecular model for poly[N-9″-hepta-decanyl-2,7-carbazole-alt-5,5-(4′,7′-di-2-thienyl-2′,1′,3′-benzothiadiazole)]:[6,6]-phenyl (PCDTBT) is developed and subsequently a molecular dynamics simulation conducted in order to understand the structure of the polymer solution. The simulation results are consistent with a low-solubility polymer that requires long equilibration times to planarize. The structural addition of side chains to inhibit rotation of thiophene rings could improve the conjugation and processability of PDCTBT leading to further improvements in OPV efficiency or hole mobility.
I. INTRODUCTION
Organic photovoltaic (OPV) devices are a product of a blooming cost-efficient technology, which can potentially replace silicon-based photovoltaic cells. 1 OPV devices have many advantages: affordability, solution processability and flexibility along with being lightweight and having low environmental impact. However, they have a lower power conversion efficiency (PCE) compared to conventional photovoltaic systems. The highest reported PCE of an OPV cell is just over 12% 2 for a two junction device. The electron generation in the 12% record device occurs at a bilayer donor/ acceptor heterojunction. 2, 3 Most OPV devices are fabricated from a mixture of donor and acceptor materials in a so-called bulk heterojunction (BHJ) device. 4 BHJ technology has enabled the development of single junction OPV devices with a PCE of 9.2%. 5 It is important to choose efficient materials for OPV devices. Poly[N-9″-hepta-decanyl-2,7-carbazole-alt-5,5-(4′,7′-di-2-thienyl-2′,1′,3′-benzothiadiazole)]: [6, 6] -phenyl (PCDTBT) is one of the most efficient donors, and its highest PCE is reported to be 6.5% in a 110 nm thick layer. 5, 6 The high PCE, comes from favorable properties including a low band gap (1.8 eV), a high ionization energy (increases the open circuit voltage), and a high hole mobility (μ h ) that is required in order to effectively remove photoexcited holes from the heterojunction layer. 7 A large number of studies link polymer morphology and processing conditions to the formation of traps in OPV devices, but more detailed studies of the atomistic structure of PCDTBT are necessary to determine the structural origin of these traps. 7−22 It is known that PCDTBT has low solubility in all solvents, which makes the study of structure and trap sites more difficult.
We present the first molecular simulation model of PCDTBT and examine the dynamics and molecular conformations of PCDTBT using atomistic molecular dynamics (MD) of the polymer in solution as a first step to develop more complex device relevant studies in the future. MD simulations can determine structure and conformations as indicators of the efficiency of organic semiconductors. 23, 24 We can therefore get indications on the hole mobility as this largely depends on the conformation of a polymer.
We developed an atomistic computer model of PCDTBT in toluene ( Figure 1 ) to examine the configurations of the polymer to gain initial insight into structure−property relationships of materials for OPVs. In particular, to achieve a high hole mobility (μ h ), one needs overlap of π orbitals along the chain such that carriers (holes) can move easily along the backbone. To create this overlap, the polymer backbone configuration has to be straight and planar to avoid breaking conjugation.
II. COMPUTATIONAL METHODS
Molecular dynamics (MD) simulations were carried out with GROMACS 4.5 25 for a 12-mer of PCDTBT in toluene. Some simulations also were performed using 4 12-mers. The general Amber Force Field (GAFF) was used. 26, 27 We used Antechamber to assign force field parameters and electric charges using Austin Model 1 calculations in MOPAC. 28 The polymer was placed into a cubic box of 6 × 6 x 6 nm 3 filled with toluene at a density of 0.855 g/mL avoiding overlaps. After initial energy minimization (EM) the temperature was gradually increased from 200 K to 300 K using MD. After equilibration an MD simulation was performed in the NPT ensemble (constant number of molecules, N; pressure, P; and temperature, T), using the Nose−Hoover thermostat and the Parrinello−Rahman barostat with coupling times of τ T = 0.15 ps and τ P = 0.15 ps and a cutoff of 1.4 nm both for the Lennard-Jones and for the reaction field electrostatics (ε = 78). Fourth order interpolation and periodic boundary conditions for all dimensions were used. The simulation was carried out for 8 ns with a time step of 1.4 fs at ambient temperature (298 K) and atmospheric pressure (101.3 kPa). The simulation with four polymers was run for 3 ns. Figures 2 to 4 show visualizations of the system with and without solvent. It is obvious that the polymer is very weakly soluble and single chains do not stretch out to minimize solvent contact. In the simulation with multiple chains we see weak aggregation of the chains.
III. RESULTS AND DISCUSSION
Important general characteristics of the polymers in the single chain simulations are calculated in order to reveal the configurations of the polymer in solution. First, the radius of gyration is obtained. The radius of gyration for each direction is shown in Table 1 and varies in the range of 0.85 nm to 1.2 nm.
The polymer is rather compact and on average spherical (cf. Figure 2 ). Random coil polymers in contrast have normally an ellipsoidal shape. Second, we measured the short time (3 ns < t < 5 ns) mean squared displacement of both the polymer and toluene for their centers of mass ( Figure 5 ). Short-term diffusion coefficients using the Einstein relation are shown in Table 2 . This data indicates equilibration of the structure.
A planar configuration leads to high hole mobility of the polymer because the formation of π orbitals enhances hole movement and the rotated structure between two cyclic aromatic compounds leads to less electronic overlap due to misalignment. 29 However, a planar configuration of the dihedral bonds also leads to low solubility. Experimentally this polymer has a rather high hole mobility and low solubility, indicating conjugation over a number of rings. To examine this overlap in solution, we measured the dihedral angle between segments 1, 2, 3, and 4 (defined in Figure 1 ). The result of dihedral analysis is shown in Figure 6 , where dihedral angles of 0°and 180°i ndicate planar configurations. All distributions of dihedral angles show peaks around 100°but they vary in a wide range of 50°to 130°. It might be assumed that the reason why all dihedrals have peaks around 90°to 100°is an unbalanced electron distribution caused by the sulfur on the thiophene rings. Those electron-rich sites repel each other and the dihedral angles average around 90°. Because of similar structure dihedrals 2−3 and pair 3−4 have similar distribution. Because of the rotational freedom along the backbone of this polymer, the dihedrals have large variations in solution. We have not modeled PCDTBT in a melt, but can speculate that the large dihedral distribution in solution will lead to long equilibration times for solution cast samples, which is seen experimentally. The wide dihedral angle distribution in solution also suggests that the planar (all conjugated) polymer structure that is desired in an OPV device for high μ h is not favored thermodynamically for low concentration in solution. However, multichain interactions like ring stacking might lead to much better planarity in melt or solid phases. Also as this polymer is only weakly soluble, we find bundles of more than one chain in solution, as seen in Figure 4 , where better conjugation would be expected as well.
Radial distribution of the solvent with respect to the monomer determines solvent quality and is given in Figure 7 for the single chain simulations. The distribution has a shoulder at 0.5 nm and a peak at 0.9 nm. We also see the clear polymer correlation hole. This gives us the insight into the distribution of solvent around the polymer that solvent can get as close as about 0.5 nm to the polymer, but the major first shell is at 0.9 nm. Therefore, those results indicate that toluene is a relatively good solvent at low concentration but as the RDF (radial distribution function) never rises above 1 this indicates that at the higher concentrations used for coating OPV devices, polymer−polymer interactions are likely stronger than solvent interactions leading to clustering in toluene. Experimentally, high MW PCDTBT has low solubility in most solvents and is most soluble in di-and trichlorobenzenes, consistent with our solution model. Figure 8 shows radial distribution functions of the sulfur atoms in the 4 chain simulations. The left figure is the RDF of all sulfurs. The right figure is the RDF of all sulfurs in one chain renormalized to the same peak height. We clearly see some differences. There is a small shoulder at short distances which is more pronounced between different chains which indicates aggregation between chains. The lack reduced size of this peak in the single chain simulation indicates that close interaction within one chain is sterically hindered. Also the shape of the first peak changes and the area at a distance of about 1 nm is higher for multiple chains. Again this shows that structure formation is constrained in this polymer by stiff bonds and long equilibration times caused by low solubility.
IV. CONCLUSION
We carried out the first molecular dynamics simulation of the organic photovoltaic PDCTBT 12-mer in toluene solvent. This simulation provides insight into the atomic scale structure and structural order of the polymer in solution. We found alternating orientation along the backbone or a dihedral angle distribution centered around 90°, which indicates that the polymer is unconjugated in solution and that a planar configuration in a device is not thermodynamically favored. We suggest that the structural configuration can be improved by hindering the motion of the thiophene molecular rings by adding side groups which lock successive rings through, for example, hydrogen bonding. We also find initial indications of aggregation for multiple chains. This simulation has good correlation with experimental results, as PCDTBT shows poor solubility experimentally and requires significant equilibration time to form optimized structures. In the future, this simulation technique and theoretical technique will help researchers discover new, high-quality materials for power generation. There is, however, always the caveat that the results are only as reliable as the model employed. In this first study we decided to use a simple generic force-field which was not optimized for the problem under study or OPVs in general. Therefore, one has to be cautious in interpreting the data, especially with respect to the conjugations of the system, as in the generation of such a simple model no particular attention was given to correct conjugation. Therefore, further studies with better optimized models are in order.
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